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Mechanical strengthThe availability of cements, including eco-cements, with tailored mechanical properties is very important
for special applications in the building industry. Here we report a full study of the hydration of calcium
sulfoaluminate eco-cements with different sulfate sources (gypsum, bassanite and anhydrite) and two
water/cement ratios (0.50 and 0.65). These parameters have been chosen because they are known to
strongly modify the mechanical properties of the resulting mortars and concretes. The applied multi-
technique characterization includes: phase assemblage by Rietveld method, evolved heat, conductivity,
rheology, compressive strength and expansion/retraction measurements. The dissolution rate of the sul-
fate sources is key to control the hydration reactions. Bassanite dissolves very fast and hence the initial
setting time of the pastes and mortars is too short (20 min) to produce homogeneous samples. Anhydrite
dissolves slowly so, at 1 hydration-day, the amount of ettringite formed (20 wt%) is lower than that in
gypsum pastes (26 wt%) (w/c = 0.50), producing mortars with lower compressive strengths. After 3
hydration-days, anhydrite pastes showed slightly larger ettringite contents and hence, mortars with
slightly higher compressive strengths. Ettringite content is the chief parameter to explain the strength
development in these eco-cements.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
The manufacture of Calcium SulfoAluminate (CSA) cements is
more environmentally friendly than that of OPC [1–4] as their pro-
duction releases up to 40% less CO2 than the latter (this reduction
depends on CSA composition). The main performances of CSA
cements are fast setting time (followed by a rapid hardening),
good-chemical resistance properties and, depending on the
amount of the added sulfate source they are self-levelling materi-
als or shrinkage controllers [5,6]. In addition, they show high early
strengths, good impermeability, sulfate and chloride corrosion
resistance and low alkalinity [7].
CSA cements present a wide range of phase assemblages, but all
of them contain over 50 wt% calcium sulfoaluminate (also known
as ye´elimite, Klein’s salt, Ca4Al6SO16 or C4A3S), jointly with belite,
ferrite and other minor components [8–14]. Cement nomenclaturewill be used hereafter: C = CaO, S = SiO2, A = Al2O3, F = Fe2O3,
T = TiO2, S = SO3, C = CO2 and H = H2O.
CSA cements are prepared by mixing the clinker with different
amounts of a calcium sulfate set regulator such as gypsum (CSH2),
bassanite (CSH0.5) or anhydrite (CS), or mixtures of them. Further-
more, it is possible to modify the hydration process of CSA cements
not only by its composition, but also by the selection of different
quantities [15] or sources of calcium sulfate [5,16–19].
During the hydration process [18,19], three main issues take
place: (i) dissolution of crystalline anhydrous phases, (ii) appear-
ance of new phases such as crystalline ettringite (a.k.a. AFt), and
amorphous gels such as aluminate hydroxide hydrate (AH3); and
(iii) consumption of free water. The precipitation can be summa-
rized as follow: ye´elimite in presence of a sulfate source (gypsum,
bassanite or anhydrite) and in aqueous medium will form ettring-
ite and gibbsite (AH3), according to Eqs. (1)–(3), respectively. AH3
precipitates as a poorly-crystallized or amorphous phase [2]. Most
of the hydration heat is released during the ﬁrst 24 h of hydration
[20]. Furthermore, bassanite will also react with water to form
gypsum and will release heat, according to Eq. (4).
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C4A3Sþ 2CSH0:5 þ 37H! C6AS3H32 þ 2AH3-gel ð2Þ
C4A3Sþ 2CSþ 38H! C6AS3H32 þ 2AH3-gel ð3Þ
CSH0:5 þ 1:5H! CSH2 ð4Þ
Ettringite is the main crystalline hydration product together
with amorphous aluminum hydroxide. Once the sulfate source
(gypsum, bassanite or anhydrite) is depleted and there is enough
free water available, monosulfate also known as AFm (C4ASH12)
[21] is formed according to Eq. (5). Hence, the amount of added cal-
cium sulfate strongly modiﬁes the ettringite to monosulfate mass
ratio and the water demand to complete full hydration [6,22]. In
addition, the amount of ettringite is affected by the reactivity of
calcium sulfate (solubility and dissolution rate) at early ages [6].
Hence, the selection of the sulfate source is a key issue to achieve
the desired properties. Furthermore, depending on the minor
phases present in CSA cements, other hydration products may
occur such as C–S–H gels, stratlingite, katoite, monocarboalumi-
nate or hydrogarnet [4,17,23].
C4A3Sþ 18H! C4ASH12 þ 2AH3 ð5Þ
The control of the rheological behavior [15] of cement pastes is
a key point [24–26] to improve the workability of mortars [27] and
to obtain more homogeneous mixtures and hence, improved
mechanical properties in general and compressive strengths in
particular. In addition, the setting evolution of cement pastes can
be also followed at very early hydration times by following their
viscosity values.
The objective of this work is to study the effect of different sul-
fate sources on the hydration of CSA cements at early ages, includ-
ing the evolution of phase assemblages, rheological behavior (very
early ages), evolved heat and microstructure. Finally, the mechan-
ical strength values of the corresponding mortars have been corre-
lated to those variables and the role of the sulfate source is
discussed.b 
(a) 
(b) 
open closed
Cement paste2. Materials and methods
2.1. Materials
2.1.1. Preparation of anhydrous cements
Calcium sulfoaluminate clinker, industrially produced in China,
and commercial micron natural gypsum (CSH2) both marketed by
BELITH S.P.R.L. (Belgium) were used as raw materials. Bassanite
(CSH0.5) and anhydrite (CS) were prepared by heating the as-
received gypsum at 90 C for 48 h and at 700 C for 1 h, respec-
tively. Calcium sulfoaluminate cements were prepared by mixing
clinker with 25 wt% of each of the three different sulfate sources.
Depending on the sulfate source, gypsum, bassanite or anhydrite,
the corresponding cements will be named hereafter G, B or A,
respectively. The elemental analysis of both commercial raw mate-
rials (CSA clinker and gypsum) determined by X-ray ﬂuorescence
(XRF) was given elsewhere [24]. The Blaine ﬁneness values for all
the samples were very close to 450 m2/kg.a d 
c 
Fig. 1. (a) Hermetically closed PTFE cylinder shape recipient to prepare cement
pastes. (b) Home-made cell to impedance spectroscopy measurement: a – Sample;
b – Thermocouple; c – Stainless steel electrodes; d – expanded polystyrene
container.2.1.2. Preparation of cement pastes
Cement pastes were prepared with distilled water using two
different water/cement (w/c) mass ratios: 0.50 and 0.65. A com-
mercial polycarboxylate-based superplasticizer, Floadis 1623
(Adex Polymer S.L., Madrid, Spain), with 25 wt% of active matter,
was added to water (0.015 and 0.020 wt% active matter referred
to the total solids content) for selected pastes prepared with bassa-
nite. Pastes, prepared in an agata mortar, were poured into a her-
metically closed polytetraﬂuoroethylene (PTFE) cylinder shapemold during the ﬁrst 24 h at 20 ± 1 C. A drawing of this mold is
shown in Fig. 1a. Then, samples were taken out and stored within
deionized water at 20 ± 1 C. Hardened pastes were characterized
after 1, 3, 7, 28 and 180 days of hydration. After the given time,
pastes were divided into two fractions to perform further charac-
terization, as detailed just below.
2.1.3. Stopping hydration of cement paste
One fraction of the paste cylinder was milled into ﬁne powder
with an agate mortar prior to stopping hydration. The stopping
procedure consisted on ﬁltration in a Whatman system (70 mm
diameter Whatman ﬁlter with a pore size of 2.5 lm and a Teﬂon
support) with acetone (Prolabo S.A.) twice and ﬁnally with diethyl
ether (Prolabo S.A.). The stopped-hydration samples were stored in
a desiccator to avoid further hydration and any possible carbon-
ation/alteration [28,29].
2.2. Characterization
2.2.1. Rheological behavior
Cement pastes were mechanically stirred with helices accord-
ing to UNE-EN 196-3:2005+A1:2008 standard procedure prior to
rheological characterization. Rheological measurements of fresh
pastes were carried out using a viscometer (Model VT550, Thermo
Haake, Karlsruhe, Germany) with a serrated coaxial cylinder sen-
sor, SV2P, provided with a solvent trap to reduce evaporation.
Two different measurements were performed. On the one hand,
ﬂow curves were obtained under controlled rate (CR) measure-
ments. Ramp times of 6 s were recorded in the shear rate range
between 2 and 100 s1, for a total of 12 ramps. A further decrease
from 100 to 2 s1 shear rate was performed by following the same
ramp times. On the other hand, viscosity vs. time measurements at
a ﬁxed shear rate of 4 s1 were also performed for a maximum time
of 150 min, which depended on the setting time of every sample.
Prior to any rheological measurement, pastes were pre-sheared
for 30 s at 100 s1 and held at 0 s1 for 5 s in the viscometer.
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The setting time of every paste was determined using the Vicat
test method according to UNE-EN 196-3:2005 + A1:2008. The cor-
responding initial setting times are shown in Table S1, given as
Supplementary information.
2.2.3. Laboratory X-ray powder diffraction (LXRPD)
LXRPD studies were performed on anhydrous materials and
hydrating pastes at 1, 3, 7, 28 and 180 days. Both in-situ transmis-
sion (fresh pastes up to 3 h of hydration) and reﬂection (on pastes
after stopping hydration) geometries modes were used.
(i) Transmission geometry: This mode was used to study the in-
situ hydration of fresh pastes during the ﬁrst 3 h. All the anhydrous
cements were mixed with 15 wt% SiO2 (99.99%, Sigma–Aldrich, St.
Louis, MO, USA) as an internal standard [30]. Data were collected
on a PANalytical EMPYREAN automated diffractometer. Powder
patterns were recorded in h–h transmission conﬁguration by using
a focusing mirror and the PIXcel 3D detector (working in 1D mode)
with a step size of 0.013 (2h). The powder patterns were recorded
between 5 and 70 in 2h with a total measuring time of 10 min.
The samples were prepared ex-situ and immediately placed into
the holders of the diffractometer between two Kapton ﬁlms. Anhy-
drous samples with the internal standard were also measured to
obtain the initial phase assemblage (0 min). The absorption factors
were experimentally measured by comparison of the direct beam
with and without sample. The amount of sample loaded in the
sample holders was controlled [31] to obtain a total absorption,
lt  1, which corresponds to an absorption factor of 2.7.
(ii) Reﬂection geometry: This mode was used to study the hydra-
tion of the pastes at 1, 3, 7, 28 and 180 days (after stopping hydra-
tion). Patterns were recorded on an X’Pert MPD PRO diffractometer
(PANalytical) using strictly monochromatic Cu Ka1 radiation
(k = 1.54059 Å) [Ge(111) primary monochromator] and working
in reﬂection geometry (h/2h). The X-ray tube worked at 45 kV
and 40 mA. The optics conﬁguration was a ﬁxed divergence slit
(1/2), a ﬁxed incident antiscatter slit (1), a ﬁxed diffracted anti-
scatter slit (1/2) and X’Celerator RTMS (Real Time Multiple Strip)
detector, working in scanning mode with maximum active length.
Data were collected from 5 to 70 (2h) during 2 h. The samples
were rotated during data collection at 16 rpm in order to enhance
particle statistics. A polished polycrystalline quartz rock was used
as secondary standard placed on the diffractometer in the very
same orientation. The suitability of this quartz-rock was tested
against NIST standard reference material SRM-676a (a-Al2O3).
2.2.4. LXRPD data analysis
LXRPD patterns of anhydrous powders, hydrated pastes and the
external standard were analyzed by the Rietveld methodology as
implemented in the GSAS software package [32] to extract the
Rietveld quantitative phase analysis (RQPA). The reﬁned overall
parameters were cell parameters, zero-shift error, peak shape
parameters, and phase scales. Peak shapes were ﬁtted by using
the pseudo-Voigt function [33] corrected for axial divergence [34].
The Amorphous and Crystalline non-quantiﬁed (ACn) contents
were determined by external standard method (G-factor) from
LXRPD in reﬂection mode data [35]. ACn content computes not
only the amorphous fraction but also any not-computed crystalline
phase and any misﬁt problem (for instance the lack of an adequate
structural description for a given phase).
2.2.5. Thermal analysis
Differential thermal (DTA) and thermogravimetric (TGA) analy-
ses were performed in a SDT-Q600 analyzer from TA instruments
(New Castle, DE) for a ground fraction of every paste after stopping
hydration as described above. The temperature was varied from
room temperature (RT) to 1000 C at a heating rate of 10 C/min.Measurements were carried out in open platinum crucibles under
nitrogen ﬂow. The weighed loss from RT to 600 C was assumed to
be water (free and chemically bounded water) and that from 600
to 1000 C was considered as CO2. Table S2 includes these data,
given as Supplementary information.
2.2.6. Impedance spectroscopy
A home-made cell which measures simultaneously both imped-
ance spectroscopy and temperature of cement pastes was used
during the ﬁrst 10 h of hydration. This consists on a hermetic cell
with a prismatic shape (30  30  50 mm)made of expanded poly-
styrene (EPS) and two stainless steel electrodes located inside. A
drawing of this cell is shown in Fig. 1b. The cell was ﬁlled up with
60 g of cement paste. Impedance spectra were obtained at RT using
a frequency response analyzer (Solartron 1260) in the 5 Hz to
1 MHz frequency range with an ac perturbation of 200 mV. Electri-
cal data were taken every 15 min. Impedance spectra were ana-
lyzed with ZView program [36]. Temperature values were
collected with a K type thermocouple (resolution of 1 C) located
between electrodes, in the middle of the cell. These studies took
over 10 h to be completed.
2.2.7. Scanning electron microscopy (SEM)
The fracture cross-sections of gypsum, bassanite and anhydrite
cement pastes at 1 day of hydration were observed by scanning
electron microscopy, SEM, (JEOL-JSM-840, Tokyo, Japan). Prior to
SEM observation, the hydration of those samples was stopped by
immersing them in isopropanol for 3 days and then heated at
40 C for 24 h. The samples were gold sputtered.
2.2.8. Compressive strength and dimensional stability tests
Standard mortars were prepared with water/CSA/sand ratios of
X/1/3 (X depends on the w/c ratio) and mechanically homogenized
according to UNE-EN196-1. Cubic samples of 30  30  30 mm for
all matrix were cast in a jolting table (Model UTCM-0012, 3R, Mon-
tauban, France) with a total of 120 knocks. For a better homogeni-
zation, molds were half cast and knocked 60 times. After that, they
were fully cast and another 60 knocks were performed. The casts
were cured at 20 ± 1 C and 99% RH during 24 h. After that time,
samples were demolded and cured within a tap water bath at
20 ± 1 C until measurements were performed. The compressive
strength of the corresponding mortars were measured at 1, 3, 7,
28 and 180 days and the reported values are the average of three
broken cubes in a compression press (Model Autotest 200/10 W,
Ibertest, Madrid, Spain), according to EN196-1 and at a rate of
1.5 MPa s1. The measured compressive strength values were cor-
rected by a factor of 1.78 to take into account the difference in area
with standard prisms (40  40  160 mm).
The dimensional stability of the studied CSA mortars was mea-
sured with standard prismatic samples (40  40  160 mm) by
applying the following equation: DLð%Þ ¼ LfLoLo  100, being Lf the
measured length at a given time and Lo the initial length. The later
was taken just after demolding and prior to immersion in water.
The preparation and curing procedure of these specimens were
the same as detailed before. The dimensional stability of Ordinary
Portland mortar (from CEM-I 52.5R Portland cement, marketed by
Italcementi Group (FyM, Ma´laga, Spain)) and prepared at water/
cement/sand ratios of 0.50/1/3) was also measured, under same
conditions, for the sake of comparison.3. Results and discussion
Prior to the rheological characterization, the initial setting time
of all pastes, Table S1, was determined for cement performance
characterization and to avoid any damage of the viscometer sensor.
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independently of the water content or the addition of a small
amount (0.020 wt%) of superplasticizer (SP). Anhydrite (A) pastes
show the slowest initial setting time, being even larger for
w/c = 0.65. Gypsum (G) pastes show intermediate initial setting
time values, which was independent of the water content. This is
in agreement with the trend in solubility of these calcium sulfate
sources in water (0.88, 0.24 and 0.21 g/100 mL for bassanite, gyp-
sum and anhydrite, respectively, at 20 C).
It has to borne in mind that A-pastes actually have lower water/
solid ratios, as this sulfate source does not have any crystallization
water. Taking into account the crystallization water contents of
gypsum and bassanite, the actual water/solid ratios for G-pastes
are 0.58 and 0.74, for B-pastes are 0.52 and 0.68, while for A-pastes
remain 0.50 and 0.65.
Fig. 2a shows the ﬂow curves of all the studied pastes. All these
fresh pastes show shear thinning behavior and a rheopectic cycle.
Bassanite pastes show both the highest viscosity values and the
largest rheopectic cycle. Since our objective is to study the effect
of the calcium sulfate source on hydration including compressive
strengths of the corresponding mortars, similar rheological behav-
ior, and in particular, similar viscosity values are required for all
the pastes. In order to achieve that, different amounts of SP were
added to B-pastes with the consequent reduction in viscosity.
When a very small amount of SP, 0.015 wt%, was added to the bas-
sanite cement paste with w/c = 0.50, it exhibited a considerable
diminishing in viscosity (from 4.7 to 1.6 Pa s at 50 s1) and in the
rheopectic cycle (from 13650 to 3500 Pa s1); nevertheless, this
is not enough to show similar rheological behavior than G and A
pastes, which show viscosity values of 1.0 and 0.8 Pa s at 50 s1,
respectively, and small rheopectic cycles (800 and 280 Pa s1,
respectively), Fig. 2a. However, when 0.020 wt% of SP is added to
the bassanite-paste, the rheological behavior of this paste at very
early ages is similar to those prepared with gypsum or anhydrite
(w/c = 0.50), showing even lower viscosity, 0.6 Pa s at 50 s1, and
an intermediate rheopectic cycle, 440 Pa s1. Pastes with a w/cFig. 2. (a) Flow curves and (b) viscosity vs. time curves at a shear rate of 4 s1 for all
the studied cement pastes.ratio of 0.65 are also shown in Fig. 2a for the sake of comparison,
and show lower viscosity values than those with 0.50, as expected.
Furthermore, these fresh pastes prepared with bassanite and anhy-
drite (w/c = 0.65) show very similar rheological behaviors. B-pastes
with w/c = 0.65 with and without SP were not further character-
ized due to the poor mechanical properties of the corresponding
pastes/mortars.
Fig. 2b shows the evolution of viscosity with time for all the
studied pastes at a shear rate of 4 s1. This selected shear rate is
low enough for not destroying the structure and high enough for
obtaining trustable data. The viscosity of all these pastes increases
with time, as expected. B-paste with 0.020 wt% SP (w/c = 0.50)
showed relatively low initial viscosity values (see Fig. 2a) but its
viscosity showed a sharp increase and achieves 600 Pa s in less
than 10 min of hydration. This is related with the quick bassanite
dissolution and hence quick ettringite formation [15]. When SP is
not added into the bassanite paste, the increasing in viscosity is
even faster, so it is not shown in Fig. 2b. The viscosity of gypsum
and anhydrite pastes increases at slower pace than that of bassa-
nite pastes, where the A-paste is the slowest one for w/c = 0.65,
within the ﬁrst 130 min of hydration. Although G and A pastes
with w/c = 0.65 show similar initial viscosity values, the gypsum
pastes showed a marked increase of viscosity after 75 min.
This is a complex process where different parameters are
evolved. The hydration of cement pastes is a process of ions disso-
lution, ions saturation, and a ﬁnal precipitation of new phases, such
as ettringite. From the rheological point of view, the dissolution of
cement phases would reduce the solids loading which may
decrease the viscosity; however, the increase in ions content would
decrease the electric double layer around the particles and hence
will enlarge the viscosity; in addition, the presence of new solid
phases also would increment the viscosity, although the ions con-
centration (ionic conductivity) would be lower. Moreover, ettring-
ite particles usually show a prismatic/needle shape that it is known
to yield a more dramatic effect on the viscosity than spherical par-
ticles [37].
The evolution of both conductivity and temperature is shown in
Fig. 3a and b, respectively, for pastes with w/c = 0.50. These mea-
surements have been performed within the ﬁrst 10 h of hydration
using the device shown in Fig. 1b. All pastes show a speciﬁc value
of conductivity at the beginning of the hydration between 0.020
and 0.030 S cm1. In all pastes, the conductivity decreases after a
few minutes of hydration. At that time, the temperature starts to
increase up to a maximum value which is coincident with a point
close to the minimum value of conductivity. Bassanite pastes with
and without 0.020 wt% SP show similar behavior. Differences on
conductivity and temperature between G, B and A pastes start just
after 20 min of hydration. Both bassanite pastes release high
amounts of heat (these pastes achieved temperatures 80 C) in
a very short time (100 min), and the conductivity is negligible
just after 200 min of hydration. This very large amount of released
heat may be explained by the initial dissolution of bassanite and
precipitation of gypsum. This new gypsum progressively re-dis-
solves and ettringite is formed. G-paste shows an initial conductiv-
ity similar to that for B-pastes (0.03 S cm1); however,
conductivity and temperature are kept constant within the ﬁrst
hour of hydration for G-pastes. Furthermore, a maximum temper-
ature of only 45 C is observed after 130 min, where the conductiv-
ity is still 0.015 S cm1, which is 0.0025 S cm1 after 10 h. Finally,
anhydrite pastes show the lowest initial conductivity,
0.020 S cm1, and it starts to decrease after 120 min. In addition,
the maximum temperature, 52 C, happens after 270 min; this is
due to the low solubility of anhydrite. After that time, the system
continues with the hydration and its conductivity is almost negli-
gible after 350 min. Summarizing, the temperature increases ﬁrstly
for bassanite pastes, secondly for gypsum pastes, and ﬁnally for
Table 1
Rietveld quantitative phase analysis results in weight percentage (including ACn and
FW) for G-pastes with w/c = 0.50 as a function of hydration time obtained by in-situ
LXRPD (up to 3 h) in transmission geometry.
0 min 20 min 1 h 2 h 3 h
C4A3S 23.4(2) 24.5(4) 23.5(3) 21.6(3) 21.0(3)
CSH2 14.9(2) 16.1(4) 15.0(3) 13.8(3) 13.8(3)
b-C2S 6.4(6) 7.5(1) 9.7(9) 8.3(9) 8.1(9)
Minor phasesa 4.4(4) 1.8(4) 1.6(2) 1.7(2) 1.8(2)
ACn + FW 50.9 48.0 44.8 46.0 46.0
AFt 0.0 1.6(5) 4.9(3) 8.2(4) 8.9(4)
Gibbsite 0.0 0.5(3) 0.5(2) 0.4(2) 0.4(2)
SUM 100.0 100.0 100.0 100.0 100.0
a Overall amount of cement crystalline minor phases: CaTiO3 and MgO.
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Fig. 3. (a) Temperature and (b) conductivity evolution of fresh pastes within the
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Fig. 4. (a) LXRPD diffractograms of B-w/c0.50 with 0.020 wt% SP at different
hydration times (from 20 min to 3 h) measured in transmission mode. The
diffractogram of the anhydrous paste is shown for the sake of comparison.
(b) Diffractogram (transmission) with a Rietveld analysis of the same paste after 3 h
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ment with the setting time of the corresponding pastes (Table S1).
A-w/c0.50 paste shows lower initial ionic conductivity than
G-w/c0.50; this may be also related with its lower initial sulfate
dissolution. All these effects might explain the higher viscosity val-
ues with time of A-w/c0.50 pastes when compare with G-w/c0.50
pastes (Fig. 2b). In addition, its concentration of ions decreases at a
slower pace, being higher than the corresponding value for G-paste
between 100 and 260 min of hydration.
LXRPD measurements in transmission mode were performed
for a better understanding of the early cement hydration behavior.
Fig. 4a shows the raw patterns of B-paste with 0.020 wt% SP at dif-
ferent hydration times, including the anhydrous B-cement. From
this ﬁgure, the evolution of different phases is clear; bassanite is
still present after 20 min of hydration but it has disappeared at
1 h. Part of the bassanite has been transformed on gypsum after
20 min, and the latter is present even after 3 h of hydration in a
large amount. In addition, ye´elimite is slightly decreasing with
time and ettringite content up to 1 h of hydration. This is in concor-
dance with Fig. 3a and b, concerning ion conductivity and temper-
ature. The values for the Rietveld Quantitative Phase Analysis
(RQPA) including ACn and free water (FW) for all pastes measured
in transmission mode (from 0 min to 3 h of hydration) are shown
in Tables 1–3 and S3, the latter provided as Supplementary infor-
mation. The values obtained from internal standard method
encompass not only ACn but also FW (water chemically not
bounded) and are expressed as a single value in Tables 1–3 and
S3. This is due to the inability of the internal standard methodology
to distinguish between two different not diffracting phases. Fig. 4b
shows the Rietveld plot for B-paste with 0.020 wt% SP after 3 h of
hydration. From these tables, the transformation of bassanite intogypsum can be followed, and the dissolution of gypsum and anhy-
drite with time, and the formation of new phases, mainly AFt.
Tables S4–S7, provided as Supplementary information, show
the values of RQPA for gypsum and anhydrite pastes measured in
reﬂection mode, from 0 to 180 days of hydration. These results
include the ACn content obtained through the external standard
methodology as described above. These tables also include FW
which have been obtained by comparing weight losses from RT
to 600 C from DTA–TGA data, Table S2, and the theoretical total
weight loss. It is known that the hydration reaction of belite may
be quite different in CSA cements [15,24] than that in OPC. And,
after a careful examination of the pastes after 180 days of
Table 2
Rietveld quantitative phase analysis results in weight percentage (including ACn and
FW) for B-paste with w/c = 0.50 as a function of hydration time obtained by in-situ
LXRPD (up to 3 h) in transmission geometry.
0 min 20 min 1 h 2 h 3 h
C4A3S 25.2(2) 24.7(5) 23.4(3) 20.4(3) 20.2(3)
CSH2 0.0 5.3(4) 14.3(3) 12.6(3) 12.6(3)
CSH0.5 13.3(2) 6.5(4) 0.0 0.0 0.0
b-C2S 2.5(5) 2.9(9) 5.3(8) 5.2(8) 4.7(6)
Minor PHASESa 2.7(3) 1.2(4) 1.6(2) 1.7(2) 1.6(2)
ACn + FW 56.3 57.9 48.0 48.8 47.6
AFt 0.0 0.8(4) 7.0(3) 10.9(4) 12.9(4)
Gibbsite 0.0 0.7(4) 0.4(2) 0.4(2) 0.4(2)
SUM 100.0 100.0 100.0 100.0 100.0
a Overall amount of cement crystalline minor phases: CaTiO3 and MgO.
Table 3
Rietveld quantitative phase analysis results in weight percentage (including ACn and
FW) for A-pastes with w/c = 0.50 as a function of hydration time obtained by in-situ
LXRPD (up to 3 h) in transmission geometry.
0 min 20 min 1 h 2 h 3 h
C4A3S 24.6(2) 24.2 23.0(3) 22.8(3) 20.4(3)
CS 13.8(2) 14.2(4) 13.8(3) 13.2(3) 12.1(3)
b-C2S 4.2(8) 4.4(1) 4.2(9) 5.1(9) 4.0(9)
Minor phasesa 2.6(4) 0.9(4) 1.3(2) 1.3(2) 1.2(2)
ACn + FW 54.8 54.8 55.1 51.6 54.2
AFt 0.0 0.9(3) 2.2(3) 5.6(3) 7.8(3)
Gibbsite 0.0 0.6(3) 0.4(2) 0.4(2) 0.3(2)
SUM 100.0 100.0 100.0 100.0 100.0
a Overall amount of cement crystalline minor phases: CaTiO3 and MgO.
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Fig. 5. Weight percentage of SO42 groups as a function of time, (a) w/c = 0.50,
(b) w/c = 0.65. ‘‘Residual’’ stands for the remaining gypsum and C4A3S contents, and
‘‘Cryst.’’ stands for crystallized ettringite, both expressed as SO42 groups
percentage.
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belite were observed (portlandite, stratlingite or katoite), although
the amount of this phase has slightly diminished. This behavior
may be due to its very low degree of reaction.
B-pastes were not studied at later ages by LXRPD in reﬂection
mode because the hydration reactions happen very fast and hence
both pastes and mortars show very short setting time. Due to this
fact, heterogeneous mortars are produced, which consequently
will show poor mechanical performance values.
Table S2 includes weight loss values measured from 600 C to
1000 C, from DTA–TGA to clarify any potential carbonation pro-
cess. It can be observed that, up to 180 days, carbonation process
is almost negligible for all the studied pastes. It is worth highlight-
ing that after 180 hydration days small amounts of FW still remains
in the pastes, showing no drying effects, see Tables S4–S7. Small
amounts (61.5 wt%) of crystalline vaterite (CaCO3) were quanti-
ﬁed for G-pastes, conﬁrming that only a very small carbonation
has been carried out in these pastes, but not for anhydrite-
pastes.
The chemical behavior of sulfates in these systems has been
deeply studied through sulfate-containing phase dissolutions and
crystallizations with time (normalized to 100 g of CSA cement for
the sake of comparison). Fig. 5 shows the evolution of residual sul-
fate (solid symbols), expressed as percentage of SO42 groups (after
dissolution/reaction) and crystallized (Cryst.) sulfate (open sym-
bols) for all the samples grouped according to w/c ratio. Data
obtained in both transmission and reﬂection modes have been
plotted. The amount of reacted/dissolved sulfate was determined
from the disappearance of ye´elimite and sulfate source (gypsum,
bassanite and anhydrite). This value was subtracted from the ini-
tial SO42 group content to obtain the residual sulfate amount,
shown in Fig. 5. The amount of crystallized sulfate was determined
from the appearance of ettringite; silicon-free AFm was only quan-
tiﬁed for G-w/c0.65 after 180 days. The dotted lines in Fig. 5indicate the maximum sulfate that can crystallize. The reactivity
of sulfate-bearing phases slightly depends on the w/c addition in
G-pastes, as they show almost identical evolutions of dissolved
and crystallized sulfate groups, Fig. 5, and its dissolution degree
changed from 85% to 95% (for G-w/c0.50 and G-w/c0.65, respec-
tively) due to the higher water content.
The increase of w/c ratio from 0.50 to 0.65 causes a higher dis-
solution degree in A-phases, i.e. from 70% to 90%, respectively. This
produces the precipitation of higher amounts of ettringite (Tables
S6 and S7). When comparing gypsum, bassanite and anhydrite
pastes in Fig. 5, it can be seen that B-pastes, with or without a small
amount of SP, show similar behavior (similar percentages of resid-
ual and crystallized sulfate), where the content of crystallized sul-
fate is higher than that for G and A pastes (w/c = 0.50). In addition,
A-pastes show the largest residual sulfate content in the range of
study. This is in agreement with the conductivity values shown
in Fig. 3b, where A-pastes show the lowest values in the ﬁrst 2 h
of hydration. The amounts of crystallized sulfate for G- and A-
pastes at w/c = 0.50 are very similar, but higher amounts of sulfate
groups are crystallized for A pastes at hydration times over 3 days
when w/c = 0.65. In all cases, about 85% of the dissolved sulfate is
crystallized. The rest (15%) may be in pore solution or ACn
phase(s).
Fig. 6 shows the amount of crystallized ettringite as a function
of time for all the studied pastes, taken from RQPA results. For
w/c = 0.50 pastes at hydration times lower than 1 day, anhydrite-
pastes show the lowest ettringite contents. This is due to the
slower rate of dissolution of anhydrite when compared to gypsum
or bassanite. However, at hydration times higher than 1 day, AFt
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Fig. 6. Ettringite percentage as a function of time, (a) w/c = 0.50, (b) w/c = 0.65.
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Fig. 7. SEM micrographs of the fracture surface of A-w/c0.50 after 1 day of
hydration where (a) ettringite, (b) ACn and anhydrite phases can be observed.
Fig. 8. Compressive strength values of mortars prepared from all pastes at different
hydration times (1, 3, 7, 28 and 180 days), (a) w/c = 0.50 and (b) w/c = 0.65.
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(w/c = 0.50). Ettringite crystallization resulted to be slightly
affected by the water content in gypsum-pastes. However, AFt
crystallizes at a higher pace, at hydration times higher than 3 days,
in A-pastes by increasing the water content.
Fig. 7 shows selected micrographs of the fracture transversal
section of A-paste (w/c0.50) after 1 hydration day. The objective
of this ﬁgure is to show the presence of ettringite in detail,
Fig. 7a, which is known to have a needle shape, and laminar phases,
Fig. 7b, that correspond to remaining anhydrite, according to
LXRPD, Table S6.
The mechanical behavior of the corresponding mortars was also
studied. Fig. 8 gives the compressive strength values of mortars
prepared from all pastes grouped according to their w/c ratio and
the sulfate source. They were carried out on small cubes as
described in the experimental section. From the analysis of the
data it is clear thatw/c = 0.50 mortars always yield higher mechan-
ical strengths than the analogous w/c = 0.65 mortars. Furthermore,
the role of the sulfate source is also very important. On the one
hand, reactions in B-pastes occur very quickly, and their short set-
ting time is enormously sensitive to the degree of homogeneity of
the mortars, as mentioned before. The addition of a small amount
of SP improves the workability of the mortar but it does not delay
appreciably the setting time, hence, both mortars show low
mechanical strength values, being slightly higher when the SP is
added. On the other hand, and chieﬂy, the evolution of compressive
strength values of gypsum and anhydrite mortars prepared from
both types of pastes are in complete agreement with the ettringite
formation, see Fig. 6, (the higher ettringite amount, the higher
mechanical strength). In the case of gypsum and anhydrite mortars
prepared from pastes at w/c = 0.50, the formation of ettringite
occurred at a greater extent for G-pastes within the ﬁrst hydration
day, hence, G-mortars show higher mechanical strengths at 1 day
than those of A-mortars. After 3 days, similar ettringite contentswere observed for both pastes. However, the setting time for A-
pastes was much longer than that for G-pastes, showing a higher
plasticity which can better accommodate the precipitation of
ettringite. G-w/c0.50 and A-w/c0.50 mortars show similar com-
pressive strengths, being slightly higher for A, likely due to the
plasticity.
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Fig. 9. Length change evolution with time for all the studied mortars.
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time were measured and the data are summarized in Fig. 9. This
ﬁgure represents the percentage of expansion respect to the initial
value as detailed in the experimental section. The expansion (or
shrinkage) experienced by mortars is mainly related to the nature
of pore structure, which affects the mobility of ions and the avail-
able space to accommodate new phases. Both adequate deformabi-
lity and strength values are required to allow expansion without
the formation of cracks.
The relatively low expansion values obtained for these mortars
agree with previous studies [38]. Our study has revealed that B-
mortars do not present enough plasticity to accommodate AFt pre-
cipitation with time, consequently higher expansions are observed.
On the other hand, gypsum and anhydrite have small effect on the
dimensional variation of CSA mortars, since the expansion/shrink-
age is almost negligible. The studied OPC mortar experienced
almost negligible dimensional changes with time, in agreement
with the literature [38].4. Conclusions
The dissolution rate of the different studied sulfate sources
(gypsum, bassanite and anhydrite) is a key point to control the
reactions during hydration of CSA cements, and hence the mechan-
ical properties of the corresponding pastes and mortars.
Since bassanite (B) dissolves too quickly in water, all the reac-
tions start too early and hence the initial setting time of the pastes
and mortars prepared with bassanite (B-pastes and B-mortars,
respectively) is too short to produce homogeneous samples. This
will have a dramatic effect onto the mechanical strength values.
The addition of a small amount of superplasticizer (SP)
(0.020 wt%) improves the workability of the mortar, at very early
times, but it does not delay appreciably the setting time, hence,
these mortars show low mechanical strength values, being slightly
higher when the SP is added. B-mortars do not present enough
plasticity to accommodate AFt precipitation with time, conse-
quently higher expansions have been observed.
The dissolution of anhydrite (A) is the slowest of the three sys-
tems. Cements and mortars prepared with anhydrite (A-pastes and
A-mortars, respectively) show large initial setting times, which
also depend on the water content (5 and 11 h for w/c = 0.50 and
0.65, respectively). A-w/c0.50 paste shows a low initial ionic con-
ductivity; during the ﬁrst 10 h of hydration, the ionic concentration
decreases at a slow pace, and show low ettringite contents. This
produces mortars with compressive strength values
(21.0 ± 0.2 MPa) that are lower than those of the corresponding
mortars prepared with gypsum (G), G-mortars, (41 ± 2 MPa) after
1 hydration day. However, after 3 hydration days, similar ettringitecontents were observed for both pastes. The long setting time of A-
mortars provides them with high plasticity to accommodate the
precipitation of ettringite. After 3 days of hydration, A-w/c0.50
and G-w/c0.50 mortars show similar compressive strength values,
being always slightly higher for A-mortars likely due to its plastic-
ity (for instance, 76 ± 2 and 67 ± 2 MPa for A-w/c0.50 and
G-w/c0.50 mortars at 28 hydration days, respectively).
Finally and chieﬂy, the ettringite contents (determined by RQPA
and the G-factor method) in combination with the plasticity of
pastes and mortars justify the differences in compressive strength
values of the corresponding mortars. The results point out anhy-
drite as the best sulfate source to be used in CSA mortars for engi-
neering applications when high compressive strength values are
needed at hydration time P3 days. However, if high strength val-
ues are demanded at earlier curing ages, gypsum is the best option.
Conversely, CSA mortars prepared with bassanite are not recom-
mended unless the setting time could be delayed by the addition
of the right type and amount of additives.Acknowledgements
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